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Oil-in-water (O/W) emulsions were prepared using bovine milk protein isolate (MPI) or MPI hydrolysates
containing 1.60% (w/v) protein, 3.60% (w/v) lipid blend and 7.00% (w/v) lactose. The role of enzymatic
treatment of MPI with Flavourzyme™, Neutrase™ and Protamex™ at two hydrolysis time points per
enzyme [ranging in degree of hydrolysis (DH) from 15.6 to 37.1%] on the emulsifying properties was
determined. All emulsion samples had mean fat globule size (d43) values < 1 mm after homogenisation.
The hydrolysate containing emulsions displayed reduced emulsion stability under accelerated storage
conditions, i.e., following an applied centrifugal force, and reduced heat stability at pH 7.0 compared with
emulsions formed using intact MPI. The results demonstrated that hydrolysis reduced emulsion stability
in the model system studied. Emulsion instability was hydrolytic enzyme dependent, increased with
increasing DH and increasing content of peptides <1 kDa.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Many food systems, including infant formula, exist in the form
of oil-in-water (O/W) emulsions. During the manufacture of pow-
der products, homogenisation is followed by concentration and
spray drying. In the case of ready-to-feed products, the emulsion is
generally further thermally processed at ultra-high temperature
(UHT) before packaging (McSweeney, Mulvihill, & O'Callaghan,
2004).
Milk protein ingredients are widely used in nutritional products
and have excellent emulsifying ability as they lower the interfacial
tension and rapidly adsorb at the oil-water interface of newly
formed oil droplets (Dickinson, 2001). Milk protein hydrolysates
are also typically used in specialised nutritional products because
hydrolysed proteins aremore easily digested and have substantially
reduced immunological reactivities (Singh & Ye, 2014). Relatively
stable emulsions can be formed with whey protein hydrolysates
having a high proportion of peptides >5 kDa (Euston, Finnegan, &
Hirst, 2001) and casein hydrolysates with a high proportion of
peptides > 2 kDa (Van der Ven, Gruppen, de Bont, & Voragen 2001)
possibly due to the generation of more flexible amphiphilicd).
ier Ltd. This is an open access articpeptides (Flanagan & FitzGerald, 2002). However, hydrolysis of
whey protein and casein ingredients leading to a high proportion of
peptides<2 kDa typically results in a highly unstable emulsionwith
reduced emulsifying ability and heat stability because the short
peptides form adsorbed layers with low surface viscosity (Chobert,
Bertrand-Harb, & Nicolas, 1988; Euston, Finnigan, & Hirst, 2001).
Hydrolysis of milk protein concentrate (MPC) with chymo-
trypsin [degree of hydrolysis (DH) ~24%] and trypsin (DH ~15%) was
reported to improve its emulsifying ability and stability (Banach,
Lin, & Lamsal, 2013). However, Lim, Fenelon, and McCarthy (2019)
reported that MPC tryptic hydrolysate (DH 10% and 15%) emul-
sions had reduced emulsion and heat stability compared with
intact MPC emulsions.
A previous study by Ryan, Nongonierma, O'Regan, and
FitzGerald (2018) demonstrated that enzymatic hydrolysis of milk
protein isolate (MPI) with Flavourzyme™, Neutrase™ and Prota-
mex™ (at two DH values per enzyme) resulted in enhanced ni-
trogen solubility between pH 4.0 and 7.0 and a reduction in heat
stability at 140 C between pH 6.2 and 7.4. Enzyme preparations
from fungal (Flavourzyme™) and bacterial (Neutrase™ and Prota-
mex™) sources were chosen for MPI hydrolysate generation due to
their compliance with the growing demand for Halal food pro-
duction and processing (Ermis, 2017). Flavourzyme™ contains
multiple enzyme activities, including both endopeptidase and
exopeptidase activity (Merz et al., 2016). Neutrase™ andle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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specificities (Groen, Meldal, & Breddam, 1992; Madsen, Ahmt, Otte,
Halkier, & Qvist, 1997). While the use of these food-grade enzymes
has been previously described for the generation of different milk
protein hydrolysates, e.g., casein and whey protein hydrolysates,
limited information appears to exist on the functional properties of
MPI hydrolysates generated with these enzyme activities.
The hypothesis of the present work was that enzymatic treat-
ment would modify both the emulsion and the heat stabilities of
emulsions manufactured with the MPI hydrolysates. Therefore,
model O/W emulsions were prepared using intact and hydrolysed
MPI alongwith lactose and a lipid blend. The overall objective being
to investigate the contribution of enzymatic hydrolysis to both the
emulsion and the thermal stabilities of the model O/W emulsions.2. Materials and methods
2.1. Materials
Bovine MPI (88.1%, w/w, protein; 1.40%, w/w, fat; 0.16%, w/w,
lactose; 6.40%, w/w, ash) was purchased from Kerry Ingredients
(Listowel, Ireland) and is referred to as CTRL0 throughout.
Lactose was purchased from Kerry Ingredients (Listowel,
Ireland) and a lipid blend (containing a mixture of, approxi-
mately: 35%, w/w, palm oil; 25%, w/w, soybean oil; 20%, w/w,
coconut oil; 20%, w/w, sunflower oil) was obtained from a
commercial supplier. All chemicals used were obtained from
Sigma Aldrich (Dublin, Ireland) and were of analytical grade
unless stated otherwise. All analyses were performed in tripli-
cate unless stated otherwise.2.2. Preparation of MPI hydrolysates
Hydrolysates were produced as previously described by Ryan
et al. (2018) using Flavourzyme™ (FLV), Neutrase™ (NEU) and
Protamex™ (PRT). In brief, the enzyme preparations were added to
MPI (10%, w/w, protein) at an enzyme to substrate ratio of 1:50 (on
a protein basis). The reactionwas held at pH 7.0 using a pH stat (718
stat Titrino, Methrohm, Herisau, Switzerland) and at 50 C using a
waterbath (Lauda E100, Lauda Brinkmann, Lauda-K€onigshofen,
Germany) for a total duration of 180 min. Hydrolysate samples
were withdrawn at different time points and were heat inactivated
at 90 C for 20 min prior to freeze-drying (Free Zone 18 L, Labconco,
Kansas City, MO, USA).
An MPI control sample, without enzyme, was prepared under
the same pH, temperature and thermal inactivation at 90 C
during a 180 min incubation period. This sample was also freeze-
dried and is referred to as CTRL180 throughout. The MPI hydro-
lysates were identified by the enzyme used and the hydrolysis
time in min, i.e., FLV60, FLV180, NEU30, NEU180, PRT30 and
PRT180. The DH of each hydrolysate was determined using the
2,4,6-trinitrobenzenesulfonic acid (TNBS) method (Adler-Nissen,
1979). The DH values for the hydrolysates were: FLV60 and
FLV180, 15.6 and 37.1%, respectively; NEU30 and NEU180, 15.6 and
22.9%, respectively; PRT30 and PRT180, 17.8 and 21.6%, respec-
tively (Ryan et al., 2018). These hydrolysis timepoints were chosen
because the DH reached a plateau after the 180 min incubation
with each of the enzymes. The FLV60, NEU30 and PRT30 hydro-
lysates have similar DH values and therefore these samples pro-
vide an intermediate DH between that of the controls and the
180 min hydrolysates.2.3. Preparation of model oil-in-water emulsions
MPI control (CTRL0 and CTRL180) and MPI hydrolysate (FLV60,
FLV180, NEU30, NEU180, PRT30, PRT180) powders and lactose were
reconstituted in distilled water under constant agitation at 60 C for
2 h and were adjusted to pH 7.0 with HCl and NaOH as required.
Sodium azide (0.02%, w/v) was added to prevent microbial growth.
A lipid blend (as outlined in Section 2.1) was added to the aqueous
phase, resulting in a mixture containing 1.60% (w/v) protein/pro-
tein equivalent (in the case of hydrolysates), 3.60% (w/v) lipid blend
and 7.00% (w/v) lactose. The composition of the emulsions was
based on a commercially available casein dominant infant formula
and was designed to comply with EU (EU Commission Delegated
Regulation 2016/127; EU, 2016) and Codex (Codex Stan 72e1981
Revision 2007; Codex Alimentarius Commission, 1981) infant for-
mula regulations for protein, fat and carbohydrate as per Table 1.
Following lipid blend addition, a coarse emulsion was formed by
mixing the solution using an Ultra Turrax T25 high-performance
disperser (IKA ® Werke GmbH & Co. KG, Staufen, Germany) at
16,000 rpm for 30 s. The coarse emulsion was immediately
homogenised using a two-stage laboratory-scale homogeniser
(APV Products, Albertslund, Denmark) for 3 passes at 50 C and a
total pressure of 200 bar (second stage pressure 20 bar). All
emulsions were prepared in duplicate.
2.4. Measurement of fat globule size distribution
The fat globule size distribution and mean fat globule size of
each emulsionwas determined within 2 h of homogenisation using
a laser light diffraction unit (Mastersizer 3000, Malvern In-
struments Ltd., Worcestershire, UK) equipped with a 300 RF lens.
The optical parameters used were a particle refractive index of 1.46,
a dispersant (distilled water) refractive index of 1.33 and an ab-
sorption index of 0.01. Fat globule size distributions were reported
as d90 (cumulative volume diameter of 90%: particle size below
which 90% of sample volume was found) and volume weighted





where ni is the number of particles with diameter di.
2.5. Ionic calcium concentration
Ionic Ca2þ was determined using a Ca2þ selective probe (Met-
rohm, Evenwood, UK). The probe was calibrated using 1.0, 5.0 and
10.0 mM calcium solutions (prepared using CaCl2 and KCl). The
calibrated probe was immersed in freshly prepared emulsion
samples held at 25 C and magnetically stirred for 10 min. The
results were expressed as millimoles Ca2þ L1.
2.6. Zeta potential
The zeta (z) potential of the freshly prepared emulsions (diluted
1:100 in distilled water) was measured using a Malvern Zetasizer
Nano ZS system (Malvern Instruments Ltd., Worcestershire, UK) at
25 C and an applied voltage of 75 V.
2.7. Accelerated emulsion stability
Accelerated emulsion stability was measured in freshly prepared
emulsion samples (within 2 h of homogenisation) using a LUMiSizer
6112 (L.U.M. GmbH, Berlin, Germany), an analytical centrifuge that
Table 1
Composition of model oil-in-water emulsions obtained using bovine milk protein isolate and hydrolysate samples.a
Nutrient (g) Emulsion (%, w/v) Emulsion (per 100 Kcal) EU (per 100 Kcal) Codex (per 100 Kcal)
Protein 1.60 2.40 1.80e2.50 1.80e3.00
Fat 3.60 5.39 4.40e6.00 4.40e6.00
Carbohydrate 7.00 10.5 9.00e14.00 9.00e14.00
a Data are compared with EU (EU Commission Delegated Regulation 2016/127) and Codex (Codex Standard 72e1981 Revision 2007) regulations.
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near infrared (NIR) light transmitted across the length of a sample as
a function of centrifugation time. Aliquots (400 mL) of the emulsions
were transferred into polycarbonate measurement cells (2 mm light
path). These were then loaded into the LUMiSizer and centrifuged at
2325g for 100 min. NIR transmission measurements were taken at
10 s intervals across the length of the tube. The data was captured
and processed using SepView 6.0 software (L.U.M. GmbH). The
software was also used to calculate an emulsion instability index, as
described by Detloff, Sobisch, and Lerche (2013). The instability index
was calculated based on emulsion clarification due to phase sepa-
ration and divided by themaximum transmission possible under the
applied centrifugal force. The instability index was expressed as a
dimensionless number between 0 and 1, where 0 indicates no
change in NIR transmission and 1 indicates complete phase sepa-
ration (Yerramilli & Ghosh, 2017).Table 2
Mean fat globule size (d43), cumulative volume diameter of 90% (d90) and z-potential
(mV) of freshly prepared emulsions formed using bovine milk protein isolate (MPI)
and MPI hydrolysate samples.a
Sample d90 (mm) d43 (mm) z-potential (mV)
CTRL0 0.761 ± 0.03a 0.479 ± 0.09a 29.6 ± 0.55a
CTRL180 0.769 ± 0.02a 0.487 ± 0.01a 29.4 ± 0.99a
FLV60 0.931 ± 0.13ab 0.646 ± 0.15ab 30.8 ± 1.01ab
FLV180 1.280 ± 0.41ab 0.690 ± 0.18ab 33.1 ± 1.32cd
NEU30 0.873 ± 0.24ab 0.527 ± 0.13ab 30.1 ± 0.98ab
NEU180 0.951 ± 0.29ab 0.630 ± 0.06ab 32.1 ± 0.89bcd
PRT30 0.977 ± 0.26ab 0.697 ± 0.07ab 33.5 ± 0.31d
PRT180 1.430 ± 0.31b 0.842 ± 0.14b 33.7 ± 0.86d
a Samples are: CTRL0, MPI control emulsion; CTRL180, MPI freeze-dried control
emulsion; FLV60 and FLV180, Flavourzyme™ 60 min and 180 min hydrolysate
emulsions, respectively; NEU30 and NEU180, Neutrase™ 30 min and 180 min hy-
drolysate emulsions, respectively; PRT30 and PRT180, Protamex™ 30 min and
180 min hydrolysate emulsions, respectively. Values are means ± standard devia-
tion from triplicate analyses; values with a common superscript letter within the
same column are not significantly different (P > 0.05).2.8. Heat stability
The heat coagulation times (HCT) of freshly prepared emulsion
samples were determined in an oil bath (Elbanton BV, Kerkdriel,
The Netherlands). Aliquots (2 mL) of the emulsions were trans-
ferred into glass tubes (10 mm  120 mm, AGB Scientific, Dublin,
Ireland) and sealed with rubber stoppers. The tubes were placed in
a metal rack and immersed in the oil bath (with continuous oscil-
lation) at 90, 100, 120 and 140 C. The HCT of each emulsion was
determined as the time required to induce visual coagulation/
flocculation of the sample (Flanagan & FitzGerald, 2003).
2.9. Measurement of apparent viscosity
The apparent viscosity of the emulsions was determined at 45
and 90 C using a DHR-1 Rheometer (TA Instruments Ltd., Crawley,
UK) fitted with a standard sized concentric cylinder geometry (TA
Instruments Ltd.). A shear rate increasing from 0.01 to 300 s1 was
applied to the freshly prepared emulsion samples over 120 s fol-
lowed by holding at a constant shear of 300 s1 for a further 120 s.
The apparent viscosity of the freshly prepared emulsion samples
was also determined under simulated pasteurisation, i.e., high
temperature, short time (HTST) heating and cooling conditions
using a DHR-1 Rheometer fittedwith a starch pasting cell geometry
(TA Instruments Ltd.). A fixed shear rate of 16.8 s1 was applied
throughout. The samples were held at 65 C for 80 s and the tem-
perature was then increased from 65 C to 85 C at a heating rate of
15 C min1. The samples were then held at 85 C for 60 s and
cooled to 10 C at a cooling rate of 15 C min1 and then held for a
further 420 s at 10 C.
2.10. Statistical analysis
Statistical analysis was performed using one-way analysis of
variance (ANOVA) with post hoc Tukey analysis. The level of sig-
nificance was considered as P < 0.05. All statistical analysis was
carried out using Minitab 18 (Minitab Inc., Coventry, United
Kingdom).3. Results and discussion
3.1. Fat globule size distribution
The fat globule sizes of the emulsions are presented in Table 2.
The emulsions prepared with the MPI controls (CTRL0 and
CTRL180) had significantly lower (P < 0.05) mean fat globule sizes
following analysis within 2 h of preparation (d90: 0.761 and
0.769 mm; d43: 0.479 and 0.487 mm, respectively) compared with
the hydrolysate generated emulsions. The PRT180 emulsion had a
significantly larger (P < 0.05) mean fat globule size compared with
the other hydrolysate emulsions following analysis within 2 h of
preparation (d90: 1.43 mm; d43: 0.842 mm). The fat globule sizes of
the emulsions did not significantly increase (P > 0.05) with
increasing DH for the hydrolysates generated with any of the en-
zymes used for hydrolysis. All of the emulsions displayed a mon-
omodal fat globule size distribution within 2 h of preparation as
shown in Fig. 1. However, in addition to a single peak at ~1 mm, all of
the emulsions formed with hydrolysates also displayed a shoulder
at ~10 mm, except for the emulsion generated with NEU30. It is
desirable that the emulsion droplets formed are uniformly small
(below ~1 mm) in the case of ready-to-feed infant formula products.
Emulsions having fat globules >1 mm are considered to be sus-
ceptible to destabilisation during downstream processing (e.g.,
pasteurisation) and to subsequent creaming during storage
(Dickinson, 1997). Therefore, the emulsions generated with FLV180
and PRT180 were at greater risk of emulsion destabilisation than
the other emulsions as they both displayed d90 values > 1 mm (1.28
and 1.43 mm, respectively).
3.2. Zeta potential and ionic calcium concentration
All of the emulsions formed with the hydrolysates displayed
significantly higher (P < 0.05) negative z-potential than the CTRL0
and CTRL180 emulsions (29.6 and 29.4 mV respectively) at pH
7.0 (Table 2) except for the FLV60 and NEU30 emulsions (30.8
and30.1 mV respectively). Only the emulsions generated with the
Fig. 1. Fat globule size distribution profiles of freshly prepared emulsions formed using bovine milk protein isolate (MPI) and MPI hydrolysate samples: A, MPI control emulsion
(CTRL0); B, freeze-dried MPI control emulsion (CTRL180); C and D, Flavourzyme™ 60 min (FLV60) and 180 min (FLV180) hydrolysate emulsions, respectively; E and F, Neutrase™
30 min (NEU30) and 180 min (NEU180)hydrolysate emulsions, respectively; G and H, Protamex™ 30 min (PRT30) and 180 min (PRT180)hydrolysate emulsions, respectively.
Table 3
Heat coagulation time (HCT) at 90, 100, 120 and 140 C and calcium ion concentration (mM) at 25 C of freshly prepared emulsions formed using bovine milk protein isolate
(MPI) and MPI hydrolysate samples.a
Sample Ca2þ ion (mM) Heat coagulation time (s)
90 C 100 C 120 C 140 C
CTRL0 1.27 ± 0.04a >1800a >1800a 684 ± 2.52a 231 ± 4.36a
CTRL180 1.13 ± 0.03a >1800a >1800a 699 ± 3.61b 204 ± 4.04b
FLV60 1.93 ± 0.16b 231 ± 2.31g 53.6 ± 2.08g <5.00g <5.00d
FLV180 2.25 ± 0.09bc 336 ± 2.08e 97.7 ± 2.00f 14.0 ± 1.73f <5.00d
NEU30 2.46 ± 0.08cd 633 ± 5.03b 287 ± 2.56b 48.2 ± 3.06c 11.4 ± 1.22c
NEU180 2.68 ± 0.09d 512 ± 3.51c 261 ± 3.79c 37.1 ± 1.40d <5.00d
PRT30 2.54 ± 0.22cd 388 ± 3.21d 195 ± 3.21d 23.9 ± 2.29e <5.00d
PRT180 2.74 ± 0.14d 290 ± 2.65f 121 ± 2.08e 19.4 ± 1.87ef <5.00d
a Samples are: CTRL0, MPI control emulsion; CTRL180, MPI freeze-dried control emulsion; FLV60 and FLV180, Flavourzyme™ 60 min and 180 min hydrolysate emulsions,
respectively; NEU30 and NEU180, Neutrase™ 30 min and 180 min hydrolysate emulsions, respectively; PRT30 and PRT180, Protamex™ 30 min and 180 min hydrolysate
emulsions, respectively. Values are means ± standard deviation from triplicate analyses; values with a common superscript letter within the same column are not significantly
different (P > 0.05).
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potential negative charge with increasing DH with a mean increase
of 2.3 mV for the FLV60 emulsion (30.8 mV) to the FLV180
emulsion (33.1 mV). The Flavourzyme™ hydrolysates also had the
largest DH increase between hydrolysis points, i.e., from FLV60
(15.6%) to FLV180 (37.1%) (Ryan et al., 2018) which was expected to
have contributed to the increase in emulsion z-potential negative
charge. It has been reported that the z-potential negative charge of
hydrolysed whey protein (Schr€oder, Bertin-Carabin, Venema, &
Cornacchia, 2017) and casein (Mahmoud, Malone, & Cordle, 1992)
increased with increasing DH% due to the greater number of
charged amino acids and peptides liberated during the cleavage of
peptide bonds.
All of the emulsions formed with the hydrolysates had signifi-
cantly higher (P < 0.05) ionic Ca2þ concentrations compared withthe CTRL0 and CTRL180 emulsions (Table 3). The higher ionic Ca2þ
concentrations in the hydrolysate emulsions was related to the
release of calcium from the casein micelle during the hydrolysis
process. However, the ionic Ca2þ concentrations of the emulsions
did not significantly increase (P > 0.05) with increasing DH for any
of the enzymes. The addition of calcium chloride to whey protein
hydrolysate (Ramkumar, Singh, Munro, & Singh, 2000) and casein
hydrolysate (Agboola & Dalgleish, 1996) stabilized O/W emulsions,
at levels of 20 mM and 13 mM ionic Ca2þ respectively, has been
shown to reduce emulsion stability. It has been reported that
peptides adsorbed at the oil/water interface may be bound to each
other via ionic Ca2þ, leading to a reduction in charge density and
electrostatic repulsion, thereby increasing the probability of
droplet flocculation (Singh& Ye, 2014). In the present work, though
at much lower levels than described in the literature, it is suggested
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with the intact MPI may have led to binding of calcium by the
adsorbed peptides, thereby reducing the z-potential and electro-
static stability of the MPI hydrolysate emulsions.
3.3. Accelerated emulsion stability
The NIR transmission profiles obtained during accelerated
emulsion stability analysis are presented in Fig. 2. The analysis is
shown between the top of the cell (104 mm) and the bottom of the
cell (129 mm). All samples displayed changes in light transmission
through the cell indicating migration of fat globules under the
applied centrifugal force. NIR transmission ranged from ~30% at the
top of the cell to ~50% at the bottom of the cell for the emulsions
formed with the control MPI samples. These results indicate that
the samples were not homogenous under the applied centrifugal
force and that phase separationwas more prevalent toward the top
of the cell (indicative of creaming) compared with the bottom ofFig. 2. LUMiSizer phase separation near infrared (NIR) transmission profiles of freshly pre
samples: A, MPI control emulsion (CTRL0); B, freeze-dried MPI control emulsion (CTRL180);
respectively; E and F, Neutrase™ 30 min (NEU30) and 180 min (NEU180)hydrolysate emu
drolysate emulsions, respectively.the cell (indicative of sedimentation). The CTRL0 and CTRL180
emulsions were more stable against gravitational separation than
the emulsions prepared with the MPI hydrolysates in all cases.
The emulsions formed with the hydrolysate samples demon-
strated the same trend as the controls in that light transmissionwas
higher at the bottom of the cell than the top. This indicates
migration of the fat globules to the top of the cell and the occur-
rence of creaming. The spacing between the transmission profile
bands was further apart for the emulsions formed with the hy-
drolysate samples compared with the control emulsions suggesting
a more rapid phase separation rate. This correlates with the
calculated emulsion instability index values (Fig. 3) whereby the
CTRL0 and CTRL180 emulsions had the lowest (P < 0.05) mean
instability index values (0.415 and 0.413, respectively) indicating
the highest emulsion stability under the applied centrifugal force.
The NEU30 emulsion had the lowest (P < 0.05) mean instability
index value (0.634) of the hydrolysate emulsions while the PRT180
emulsion had the highest (P < 0.05) mean instability index (0.827).pared emulsions formed using bovine milk protein isolate (MPI) and MPI hydrolysate
C and D, Flavourzyme™ 60 min (FLV60) and 180 min (FLV180) hydrolysate emulsions,
lsions, respectively; G and H, Protamex™ 30 min (PRT30) and 180 min (PRT180)hy-
Fig. 3. Instability index of freshly prepared emulsions formed using bovine milk protein isolate (MPI) and MPI hydrolysate samples: CTRL0, MPI control emulsion; CTRL180, freeze-
dried MPI control emulsion; FLV60 and FLV180, Flavourzyme™ 60 min and 180 min hydrolysate emulsions, respectively; NEU30 and NEU180, Neutrase™ 30 min and 180 min
hydrolysate emulsions, respectively; PRT30 and PRT180, Protamex™ 30 min and 180 min hydrolysate emulsions, respectively. Values are means ± standard deviation from triplicate
analysis; values with a common letter are not significantly different (P > 0.05).
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(P < 0.05) with increasing DH for all enzymes. This increase in
instability index and the increase in spacing between the NIR
transmission profile bands is indicative of a reduction in emulsion
stability under the applied centrifugal force with increasing DH.
The nature of the protein film surrounding the oil droplets
dictates emulsion formation and stability (Britten & Giroux, 1991).
Intact proteins are reported to form a more viscous and charged
adsorbed layer, in comparison to hydrolysed protein, which can
stabilise emulsions through both steric and electrostatic mecha-
nisms (Dalgleish, 2006). The CTRL0 and CTRL180 emulsions dis-
played the smallest mean fat globule size and were more stable
against an applied centrifugal force compared with the emulsions
prepared with the MPI hydrolysates. The greater instability of the
emulsions generated with the hydrolysed MPI compared with
intact MPI may be related to the presence of high levels of low
molecular mass peptides which form low viscosity adsorbed layers
making the emulsion less stable (Euston et al., 2001).
The molecular mass of the peptides in the MPI hydrolysates
decreased with increasing DH (Ryan et al., 2018). The MPI hydro-
lysates produced with Flavourzyme™, i.e., FLV60 and FLV180, had
37.6 and 64.3%, respectively, of their peptides <1 kDa. The MPI
hydrolysates produced with Neutrase™ i.e., NEU30 and NEU180,
had 21.0 and 35.6%, respectively, of their peptides <1 kDa. The MPI
hydrolysates produced with Protamex™, i.e., PRT30 and PRT180,
had 47.0 and 64.0%, respectively, of their peptides <1 kDa. The
FLV180 and PRT180 hydrolysates had the highest levels of peptides
<1 kDa compared with the other MPI hydrolysate samples. The
FLV180 and PRT180 emulsions both had d90 values greater than
1 mm and displayed the lowest emulsion stabilities following the
accelerated stability analysis. The NEU30 hydrolysate displayed the
lowest level of peptides <1 kDa compared with the other MPI hy-
drolysate samples and subsequently the NEU30 emulsion had thelowest mean fat globule size post-homogenisation of the hydroly-
sate samples and displayed less phase separation compared with
the other hydrolysate emulsions. Despite the hydrolysed emulsions
having a negative z-potential, which was slightly higher than the
control samples (Table 2), it is presumed that the electrostatic
repulsion in the hydrolysed emulsions was not sufficient to main-
tain emulsion stability under the applied centrifugal force.
3.4. Emulsion heat stability
A large reduction in the heat stability of MPI stabilised emul-
sions was observed following enzymatic treatment (Table 3). The
CTRL0 and CTRL180 emulsions did not coagulate at pH 7.0 following
heating at 90 and 100 C for 30 min. Coagulation occurred in the
control samples (CTRL0 and CTRL180) at 120 C (684 and 699 s,
respectively) and 140 C (231 and 204 s, respectively). The heat
stability in the hydrolysate emulsions was significantly lower
(P < 0.05) compared with the CTRL0 and CTRL180 emulsions at all
heating temperatures. The FLV60 emulsion had the lowest
(P < 0.05) heat stability of all of the hydrolysate samples at all
heating temperatures. This is in agreement with the low heat sta-
bility of the FLV60 hydrolysate ingredient on heating at 140 C, as
previously reported (Ryan et al., 2018). The FLV180 emulsion had a
significantly higher (P < 0.05) heat stability compared with the
FLV60 emulsion on heating at 90, 100 and 120 C at all heating
temperatures. Neutrase™ and Protamex™ hydrolysate emulsions
displayed significantly lower (P < 0.05) heat stability with
increasing DH at 90, 100 and 120 C. All of the hydrolysate emul-
sions coagulated in less than 5 s on heating at 140 C, except for the
NEU30 emulsion which coagulated after 11 s. The heat stability of
the emulsions formed with the hydrolysates may have been
reduced because of the effect of hydrolysis on casein micelle
structure, which is important for casein heat stability (Ryan et al.,
G. Ryan et al. / International Dairy Journal 110 (2020) 104811 72018) coupled with the higher Ca2þ concentrations (Table 3). The
hydrolysate emulsions contain a large proportion of peptides
<1 kDa at the interfacial adsorbed layer which would be expected
to not have sufficient steric or electrostatic stabilisation to prevent
heat induced coalescence (Ye & Singh, 2006).
3.5. Apparent viscosity
The mean apparent viscosity at both 45 and 90 C of the
emulsions formed with CTRL0 (3.61 and 3.20 mPa s, respectively)
and CTRL180 (3.60 & 3.19 mPa s, respectively) at a shear rate of 300Fig. 4. Apparent viscosity of freshly prepared emulsions formed using bovine milk protein is
and (B) 90 C: , MPI control (CTRL0); , freeze-dried MPI control (CTRL180); and , Flav
Neutrase™ 30 min (NEU30) and 180 min (NEU180) hydrolysates, respectively; and , P
represent the mean from triplicate analyses.s1 was significantly higher (P < 0.05) than for the hydrolysate
emulsion samples (Fig. 4A and B). The CTRL0 and CTRL180 emul-
sions were expected to be more viscous due to being formed using
intact protein. The NEU30 emulsion had a significantly higher
(P < 0.05) mean apparent viscosity at a shear rate of 300 s1 at 45 C
and 90 C (3.12 and 3.02 mPa s, respectively) compared with the
other hydrolysate emulsion samples. The NEU30 hydrolysate had
the lowest proportion of peptides less than 1 kDa compared with
the other hydrolysate samples which would be expected to lead to
more viscous emulsions. The higher viscosity of the CTRL0 and
CTRL180 emulsions was expected to have resulted in theseolate (MPI) and MPI hydrolysate samples at a shear rate of 300 s1 assessed at (A) 45 C
ourzyme™ 60 min (FLV60) and 180 min (FLV180) hydrolysates, respectively; and ,
rotamex™ 30 min (PRT30) and 180 min (PRT180) hydrolysates, respectively. Values
Fig. 5. Evolution of viscosity during simulated high temperature short time heating and cooling (dashed line) of emulsions formed using bovine milk protein isolate (MPI) and MPI
hydrolysate samples as a function of temperature: , MPI control (CTRL0); , freeze-dried MPI control (CTRL180); and , Flavourzyme™ 60 min (FLV60) and 180 min (FLV180)
hydrolysates, respectively; and , Neutrase™ 30 min (NEU30) and 180 min (NEU180) hydrolysates, respectively; and , Protamex™ 30 min (PRT30) and 180 min (PRT180)
hydrolysates, respectively. Values represent the mean from triplicate analyses.
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drolysate emulsions. Increasing the viscosity of the emulsion re-
duces the probability of collisions between oil droplets and
subsequent coalescence (Spasic, 2018). Upon application of simu-
lated HTST conditions and rapid cool-down to 10 C, the CTRL0 and
CTRL180 emulsions displayed a small increase in viscosity at pH 7.0
(Fig. 5). The hydrolysate emulsions displayed similar viscosities to
the control samples during the heating stage. However, all of the
hydrolysate emulsions displayed significantly higher (P < 0.05)
mean viscosities on cooling to 10 C compared with the CTRL0 and
CTRL180 emulsions (15.4 & 16.1 mPa s, respectively), which is
indicative of aggregate formation. The highest mean viscosity on
cooling to 10 C was observed in the FLV60 emulsion
(25.7 mPa s) (P < 0.05); which also showed the lowest HCT at all
temperatures tested. The NEU30 emulsion exhibited significantly
lower (P < 0.05) mean viscosity on cooling to 10 C (17.7 mPa s)
compared with the other hydrolysate emulsions, which also cor-
relates with the respective HCT values for this emulsion at all
temperatures tested.
4. Conclusions
O/W emulsions were generated with intact MPI and MPI hy-
drolysates generated with Flavourzyme™, Neutrase™ and Prota-
mex™. The emulsions formed with the hydrolysate ingredients
displayed reduced emulsion stability during accelerated stability
analysis and reduced heat stability compared with the intact MPI
emulsions. Emulsion instability was hydrolytic enzyme preparation
dependent and increased with increasing DH% for a given enzyme.
While hydrolysis led to emulsions with a small increase in net
charge, which may have been offset by the increased ionic Ca2þ,
this changewas not sufficient tomaintain stability in the emulsions
generated with hydrolysed MPI. The lower viscosity of the hydro-
lysate emulsions was attributed to the presence of high levels of
peptides less than 1 kDa at the interfacial layer resulting in emul-
sions with reduced stability. While emulsion stability and heat
stability was reduced compared with the MPI emulsions, some ofthe hydrolysate emulsions displayed good stability at 120 (e.g.,
NEU180, PRT30 emulsions) and at 140 C (e.g., NEU30 emulsion).
The differences in functionality between the different hydrolysate
samples is ultimately related to the degree of hydrolysis, molecular
mass distribution and individual peptide profiles obtained with a
given enzyme. However, peptide sequence analysis was not within
the scope of this study. Overall, the results indicate that the MPI
hydrolysate ingredients generated herein may find application in
specific food and beverage applications. However, exploitation of
the benefits of hydrolysis (e.g., enhanced digestibility and solubil-
ity) may require modification of the formulation (e.g., incorpora-
tion of viscosity enhancement agents) to achieve improved
emulsion stability.Acknowledgements
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